It has been reported that in many neoplastic diseases, including leukemia, alterations in plasma zinc levels may frequently occur, although the causes for such alterations have yet t o be clearly defined. Since zinc is required t o induce biological activity to thymulin (Zn-FTS), a biochemical defined thymic hormone, and marginal zinc deficiencies may prevent its peripheral biological activation, we investigated the plasma level of zinc and of both active thymulin (Zn-FTS) and total zinc saturable thymulin (Zn-FTS + FTS) in 91 young patients affected by acute lymphoblastic leukemia (ALL) at various stages of the disease. It was discovered that the plasma zinc level was reduced at the onset and relapse, whereas in complete remission and in off-therapy it was in the normal range. Total zinc-saturable thymulin concentration did not change during the disease, whereas the active fraction was reduced at the onset and in relapse when compared with values observed in the other stages of the disease or in healthy controls. These NUMBER OF studies have documented the immunodeficiency state associated with the presence of neoplastic diseases,' as well as the immunosuppressive effects of long-term chemotherapy, both ofwhich are more evident in young cancer patients.
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Cell-mediated immunity seems to be less effective than humoral immune response.2 This fact suggests that the maturation and differentiation of the T-cell lineage are primarily involved.' Consequentially, alterations of the functional efficiency of the thymus may represent one of the primary causes of such an immunodeficiency state, although histological evidence of thymic abnormality is not currently a~ailable.~ More recent studies have been aimed at investigating, in young cancer patients, the plasma level of one of the best known thymic hormonal factors, ie, the facteur thymique serique (RS)? more recently called thymulin in its zincbound biologically active form (Zn-FTS).' These findings have shown a deep reduction in the plasma level of active thymulin, regardless of the stage of the neoplastic disease. 6 Moreover, the same study documented in cancer patients the presence of plasma substances that inhibit the thymulin activity.6 Therefore, it is apparently not linked to zinc deficiency, which is a condition that can provoke the appearance of inactive Zn-unbound FTS molecules that inhibit the active form. ' However, the normality of zinc turnover in cancer patients is an open question, since variations in both extracellular and intracellular zinc content have been reported in neoplastic diseases not dependent on the histological or stage of disease: and the more or less balanced diet of patients." With regard to acute lymphoblastic leukemia (ALL), some studies have shown a significant reduction of plasma zinc values only at the onset of the disease,",'2 whereas other studies have failed to demonstrate any significant difference in respect to healthy control s u b j e~t s .~. '~ These findings, together with the known relevance ofzinc, not only concerning thymic function, but also the efficiency of the entire immune system, have prompted us to measure data suggest that zinc plasma deficiency is present in ALL patients at the onset and during relapse, and that such a deficiency causes a decrease in the activity of thymulin despite a nearly normal production by the thymus. An impairment of peripheral immune efficiency in ALL patients is commonly found. The existence of positive correlations between zinc or active thymulin and peripheral immunological parameters (phytohemogglutinin [PHA] and concanavalin A [ConA]) at various stages of the disease suggests a link between derangement of peripheral immune function, thymic hormone activity, and zinc failure. These findings. considered together, suggest the possibility of a carefully the plasma levels ofboth active (Zn-FI'S) and inactive (FTS) thymulin in patients with ALL at different stages of the disease, and to correlate them with the plasma zinc concentrations. An analysis of the effect of zinc and thymulin on leukemic cells has also been performed in view of possible clinical applications of zinc therapy.
MATERIALS AND METHODS
Patients. Ninety-one patients (45 males and 46 females: age, I8 months to 18 years) with ALL were studied. Twenty-seven were tested at the onset of the disease, 29 under maintenance therapy during complete remission, 7 during relapse, and 28 off-therapy for a span of 2 months to 2 years. Patients were treated according to chemotherapy and radiotherapy protocols recommended by the Italian Pediatric Oncologic Association (AIEDP). The data collected from the tests refer to different patients with the same disease and at the same treatment phase; therefore, they do not necessarily represent a longitudinal study of individual patients.
Complete remission is considered when less than 5% of the blast cells are found in the bone marrow and a total regression of all evident tumor is reached. A relapse is defined as the reappearance of more than 5% of the blast cells in the bone marrow and/or a development of a new malignancy site. Patients were defined as being off- therapy when all therapy was finished, according to the individual protocol. All tests were performed with the written consent of the parents after the approval of the institutional human subjects' review committee. ALL subjects were hospitalized patients of "Sant'Orsola" Hospital, I11 Pediatric Clinic, University of Bologna, Italy. Plasma samples for both thymic hormone and zinc determination were separated from heparinized blood at 4°C and frozen at -70°C until used.
The analysis of peripheral immune function (T-cell subsets and mitogen responsiveness) was performed at random in ALL patients (5 subjects for each stage of the disease). The same patients were also assayed for thymulin (active and total) and zinc at various stages of the disease (Table l) . These patients came from the original selected population.
Normal subjects. Eighteen plasma samples from normal subjects, selected at random, from 2 years to I5 years old were used as controls. Normal subjects were chosen from patients admitted to the hospital for minor surgery.
Thymulin determination. Spleen cells from young mice include T and B lymphocytes carrying receptors for sheep erytrocytes (SBRCs) and, therefore, capable of forming rosettes when mixed with SBRCs. T and B rosettes can be distinguished by adding 10 pg/mL azathioprine, which selectively inhibits T-rosette formation. The azathioprine sensitivity of T cells is strictly dependent on the thymic endocrine function. Removal of the thymus in mice induces the complete disappearance of the azathioprine sensitivity, although it reappears when spleen cells from thymectomized mice are incubated with synthetic thymulin (Zn-FTS). This phenomenon represents the basis for the bioassay of thymulin in biological fluids.'4,15 A bioassay is still required, since questions have been raised over the specificity of the radioimmunoassays (RIAs) developed until ~o w .~~J~ Briefly, plasma samples were filtered through a Centriflow Amicon membrane (Amicon, Lexington, MA) with a cutoff of 50,000 d. Duplicate 50-pL aliquots of filtrate or serial dilutions of the filtrate made with Hanks' solution were mixed with 200 pL of spleen cell suspension from thymectomized mice (final suspension, 7.5 X IO6 cells/mL) and incubated at 37°C for 30 minutes.
After washing, the cells were resuspended in 250 pL of azathioprine solution (Welcome, London, UK) at a concentration of 10 pg/mL; this concentration inhibits the formation of rosettes by T lymphocytes, but not by non-T spleen cells.'* As a control, four aliquots of spleen cells were used. Azathioprine was added to two of them, while two contained just the medium. The cell suspension was then incubated at 37°C for 60 minutes, after which 250 pL of SRBCs suspension containing 12.5 X lo7 cells/mL was added. After a further 5-minute incubation at 37"C, the cells were centrifuged at a cold temperature (4°C) at lOOg for 5 minutes, resuspended for 5 minutes using a rotating mixer (10 cm in diameter, 8 rpm), and counted in a hemocytometer chamber. The rosette-forming cells (RFCs) present in 18,000 spleen cells were counted and values were recorded as RFCs per 1 X IO6 cells. No inhibition of T rosetting was recorded in azathioprine-untreated tubes. Plasma filtrate tubes showed inhibition and the maximum dilution of plasma samples, inducing azathioprine sensitivity in 50% of RFCs from thymectomized mice, was taken as the thymulin titer; the percentage of RFCs that may become azathioprine-sensitive in the presence of excess thymulin concentration ranges between 50% and 65%.
This technique is specific for thymulin, since the assay is unaffected by other thymic hormones, and the rosette-inducing activity is removed completely by passing plasma samples through an antithymulin imm~noadsorbent.'~ The sensitivity of this bioassay allows for the detection of l pg/mL of synthetic thymulin (obtained from Serva, Heidelbe% Germany). Since in two consecutive blind assays no difference of more than one log2 was found in all samples," the assay is considered reliable.
Determination of inactive plasma thyrnulin. The determination of inactive thymulin was based on the property of the inactive hormone to inhibit the biological effect of synthetic zinc-bound active thymulin (Serva). The method, originally developed by Bach and Beaurain'' to detect any plasma inhibitory activity on thymulin, was later modified to induce specificity for the inactive thymulin, by concomitantly measuring thymulin activity and inhibitory effect after adding zinc sulfate to the plasma samples.*' If an inactive hormone is present (inhibitory effect), the addition of zinc ions induces the disappearance of the inhibitory effect and increases in the active thymulin titer.' Briefly, 60 pL of plasma diluted 1:50 with Hanks'
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From solution was mixed with 60 pL of different amounts of synthetic thymulin corresponding to a final concentration of 0. I , 0.5, 1 .O, IO, 50, and 100 pg/mL. The 150 dilution of plasma was used to avoid interference by endogenous thymulin. The mixture was immediately filtered through a CF50 Amicon membrane (cone size, 50,000 d) for 30 minutes at 4°C. The filtrates were tested for thymulin activity in the rosette assay. The thymulin inhibitory activity was expressed as the highest concentration of synthetic thymulin inhibited by the plasma sample.
In the modified test, zinc sulfate was added to Hanks' solution at a final concentration of 200 nmol/L. This zinc concentration was chosen on the basis ofprevious experiments performed with graded concentrations ranging from I pmol/L to IO pmol/L, which showed that the 200-nmol/L concentration was optimal for unmasking inactive thymic hormone molecules. 20 Zinc determination. Plasma zinc was measured using the method reported by Fernandez and Kahn.2' Blood samples were collected into fluorinated tubes to avoid contamination (no. 1 153 17, LP, Milan, Italy) and centrifuged for 20 minutes, then at 300 g for 10 minutes. Plasma samples were then frozen at -70°C and stored until use. Zinc was determined by atomic absorption spectrophotometry against a standard reference as suggested by Evenson and Warren.22
Lymphocyte subsets analysis. Mononuclear cells (MNCs) from 20 ALL patients at various stages of disease were obtained from peripheral blood by Ficoll-Hypaque (Pharmacia, Piscataway, NJ) density gradient sedimentation. The MNCs were washed and resuspended in phosphate-buffered saline (PBS) containing 5% heat-inactivated fetal calf serum (FCS) in the amount of 1 X 106/mL. Fifty microliters of MNCs, isolated as described above, were incubated at Lymphocyfe proliferative response. The lymphocyte proliferative response was assessed in 20 young ALL patients at various stages of the disease ( 5 at onset, five in complete remission, five at relapse, and five off-therapy). Ficoll-Hypaque-enriched peripheral blood MNCs, at a concentration of 1 X 106/mL in RPM1 1640 (GIBCO, Gaithersburg, MD) containing 10% FCS (GIBCO), penicillin (100 U/mL), and streptomycin (100 pg/mL), were used. Aliquots of 0.1 mL were distributed in microwells (Nunc, Roskilde, Denmark). Phytohemagglutinin (PHA) (DIFCO, Detroit, MI) to reach final concentrations of 0.0 125 pg/mL and of 0.05 pg/mL and concanavalin A (ConA) (Serva, Heidelberg, Germany) to reach final concentrations of I pg/mL and 0.5 pg/mL were added in the amount of I O pL/well. After 48 hours of incubation in a 5% COzair environment at 37"C, H3-Td (Amersham, Littlechalfont, UK; specific activity, 2 Ci/mL) was added in the amount of 1 pCi/well. After additional 18 hours of incubation in a CO2 atmosphere, cultures were killed by means of a cell harvester (Skatron, Lier, Norway) and radioactivity was measured by a scintillation counter (Packard, Milan, Italy). All cultures were performed in quadruplicate, and the results, refemng to the highest responses regardless of the mitogen concentration used, are expressed in cpm per culture.
Lymphoblastoid cells' prolijkrafive response. To evaluate the effect of zinc ions or thymulin on leukemic cells, tests were performed using lymphoblastoid cell cultures established from the bone marrow of five young ALL patients (three with ALL type T and two with ALL common type) at the onset of the disease and by some lymphoblastoid cell lines, such as HL-60, KG-I , JM, Molt-4, and DAUDI. Bone marrow blast cells were obtained by iliac crest aspirates. Lymphoblastoid cells were suspended at a concentration of I X IO5/ mL in RPM-I640 containing 10% heat-inactivated FCS, penicillin (100 U/mL), and streptomycin ( l 0 0 pg/mL). Their vitality was determined by trypan blue exclusion. Aliquots ofO. l mL were distributed in microwells.
Zinc sulfate was added in the amount of 10 pL/well to reach a final concentration of zinc ions of IO-', and m~l / L . '~ Synthetic active thymulin (Zn-ITS) (Serva) was added in the amount of 10 pL/well to reach a final concentration of IO", and IO-' mol/L H3-Td was added in the amount of I pCi/well.
After 20 hours of incubation in a 5% C02-air environment at 37°C. all cultures were kills by means of a cell harvester, and radioactivity was measured by a scintillation counter. All cultures were performed in quadruplicate and the results are expressed in cpm per culture.
Statistical analvsis. Differences between the groups and controls were assessed by Student's I-test. The correlation was determined by linear regression analysis and the least-squares methods. Differences were considered significant at P < .05. Variations during the various stages of the disease were calculated using analysis of variance (ANOVA). Furthermore, ANOVA (one-way and twoway) was used for variations from in vitro data of blast cell cultures. when compared with values of agematched control subjects (P < .Ol), whereas the concentrations of inhibitory substances (inactive thymulin) are extremely high (P < .01). The in vitro addition of zinc sulfate to the ALL plasma samples at the onset and during relapse induces a strong reduction of inhibitory activities and the reappearance ofthymulin activity (total thymulin = Zn-FTS + FTS) to levels comparable to those present in plasma samples from healthy control subjects. By contrast, the plasma active thymulin levels show, in complete remission and in off-therapy stages, only slight and not significantly reduced values when compared with those observed in young healthy controls. However, a small but statistically significant increase of the plasma concentration of inhibitory substances is present (P < .05), and the in vitro zinc addition induces a nearly complete disappearance of the inhibitory activity.
RESULTS

Zinc-dependency of low thymdin levels in ALL patients.
A statistically significant reduction in plasma zinc levels is present at the onset and during relapse ofthe disease when compared with the values of healthy controls (P .O 1) (Fig  l) , whereas no significant differences are observed in complete remission and in off-therapy stages.
If the plasma zinc levels, regardless of stage of disease, are plotted against the corresponding values of in vitro thymic hormone saturable fraction (Zn-FTS + FTS/Zn-FTS), a significant positive correlation is present ( r = .87; P .Ol) (Fig  2) . For Lymphocyte subsets and mitogen responsiveness in ALL patients. Table l shows that both at the time of diagnosis and in complete remission, ALL patients show reduced MNC counts, as well as reduced absolute numbers of CD2+, CD3+, and CD4+ cells, when compared with the values of age-matched healthy controls (P .O I). However, off-therapy patients with ALL showed normal counts of MNCs and of lymphocyte subsets (CD2+, CD3+, and CD4'). CD8+ cells did not indicate significant differences among the patient groups and the controls.
The proliferative responses of peripheral blood lymphocytes to PHA and ConA are significantly reduced ( P < .O l )
in ALL patients at the time of diagnosis and during relapse of the disease as compared with the values observed in the other stages of the disease or in normal controls. Table 1 also shows the plasma thymulin (active and total) levels, plasma inhibitory substance (inactive thymulin) levels, and plasma zinc concentrations at various stages of the disease in the same ALL patients who were tested for the peripheral immune efficiency. With regard to thymulin levels and zinc concentrations, the data reported in Table l show a strong reduction of both active thymulin and zinc plasma levels, whereas the concentration of inactive thymulin is extremely high at the onset and during relapse of the disease when compared with controls (P < .01). However, in complete remission and in off-therapy patients, small but significant variations of inactive thymulin are present when compared with the values of age-matched healthy subjects ( P < .05). Nevertheless, when the values of PHA and ConA mitogen responsiveness were plotted against plasma zinc concentrations or active thymulin plasma levels at various stages of the disease, significant positive correlations were found (Fig 3A, C, D, and F) and negative ones against inhibitory substances (inactive thymulin) (Fig 3B and E) .
Effect of in vitro addition of zinc and active thymulin (Zn-FTS) on duplicative index of lymphoblastoid cells. The possible effect of zinc or ofactive thymulin (Zn-FTS) on the proliferative activity of lymphoblastoid cells was studied on cell lines established from bone marrow of ALL patients and on laboratory lymphoblastoid cell lines. The phenotypic characteristics of ALL patients, from which cell cultures were derived, are reported in Table 2 . Table 3 shows that zinc does not increase the proliferation rate of human lymphoblastoid cells at or mol/L concentrations when compared with values of control cultures, while a modest and statistically significant increment is observed at the concentration of mol/L ( P < .05).
On the contrary, the proliferation rate of human blast cell cultures is significantly reduced when active thymulin is added at the concentration of mol/L (P < .05), whereas at lower thymulin concentrations, slight or no variation is observed. Such a decrement of proliferative rate is observable both in ALL-T and ALL-C patients. The effect of zinc and active thymulin on the proliferative rate of laboratory lymphoblastoid cell lines is also reported in Table 3 . The in vitro addition of active thymulin is also able to induce a slight but significant decrement of the proliferative rate in these cells (P < .05) when compared with untreated control cultures. Zinc, by contrast, does not induce a significant increment of the proliferative rate. Only at the concentration of mol/L in the JM cell line is zinc able to induce a significant increment of the duplicative index (P < .05). Furthermore, it is relevant to note that, although a reduction is present in the proliferative rate when zinc, at the dose of 1 0-5 mol/L, is added in vitro to blast cell cultures, a statistically significant variation of the duplicative index is observed only for active thymulin ( mol/L) (P < .05).
DISCUSSION
The present report shows that both plasma zinc level and thymulin activity are strongly reduced in leukemic patients at the onset and during relapse of the disease when compared with values of age-matched controls, whereas concomitantly high levels of inhibitory substances on thymic peptide activity are observed. At other stages of the disease, plasma concentrations of thymulin, inhibitory substances, and zinc are close to those observed in age-matched young healthy subjects. The findings on plasma zinc levels are in accordance with previous studies.".I2 They show a reduction of plasma zinc level at the onset of the disease in young ALL patients and a recovery of zinc values during complete remission and in off-therapy patients,".l2 whereas they are in disagreement with previous reports that show normal plasma zinc values at the onset of the di~ease.6,'~ However, it is interesting to note that in these last studies the range of zinc values in healthy subjects is extremely wide (from 60 to 300 &dL) and the number of patients is quite limited,13 whereas in our measurements, as reported by other investigat0rs,2~9~~ the zinc range is much more restricted"," and the number of patients is large.
The causes for the reduction of zinc plasma levels in ALL patients are not yet established. It has been suggested recently that the low zinc values observed in many neoplastic diseases, including leukemia, may result from an inadequate intake of zinc due to maln~urishment~~**~ or, especially during the relapse stage of the disease, it may be a consequence of the administration of antimetabolite drugs, which have been shown to enhance urinary secretion of bivalent cations.28 Although a definite interpretation of the low zinc levels in ALL patients is still not available, these findings suggest the presence of a low bioavailability of zinc ions at the onset and relapse of the disease.
The relevance of zinc in maintaining immune system efficiency is, at present, well d~umented.'~ In particular, zinc plays a key role in inducing biological activity to one of the best known thymic hormones, the facteur timique serique (FTS), more recently called thymulin in its zinc-bound active
Thymulin is a zinc conjugate of a nonapeptide FI'S synthesized by the epithelial cells of the thymus3': its biological activity resides in the conjugate form,5 whereas the zinc-unbound form is inactive and can inhibit the active form.' The mechanism of such an inhibition is unknown; it can be suggested that the inactive zinc-unbound form may compete with the biologically active form (thymulin) for FTS receptors, as do synthetic FTS analogs.31
It has been shown that in marginal zinc deficiencies, dependent on mild reduction of zinc intake3' or associated with sickle cell anemia,32 acrodermatite enter~pathica,~~ Down's ~yndrome,~ and Duchenne's syndrome,33 acquired immunodeficiency syndrome,34 and juvenile type I diabet e~,~~ the thymic peptide FTS may be synthesized and secreted in normal amounts, but only a fraction of it becomes bound to zinc ions and is therefore active. The inactive zincunbound form present in these conditions may be revealed by the fact that it exerts an inhibitory action on the active form and that in vitro addition of zinc ions causes the disappearance of this inhibitory activity with a concomitant increase of the active f~r m .~,~* Our findings clearly show that in the leukemic condition, at the onset and during relapse of the disease, low thymulin levels are not due to a failure of the endocrine thymus? but to a reduced peripheral saturation of the thymic peptide by zinc ions. Such an assumption is supported by the fact that in vitro addition of zinc to the ALL plasma samples at the onset and during relapse was able to induce a complete saturation of thymic hormone molecules present, whereas in complete remission and in off-therapy patients, only a slight effect of in vitro addition of zinc to plasma samples on thymulin activity was observed. This interpretation is further supported by the strict correlation existing between plasma zinc level and the degree of in vitro zinc saturation of thymic hormone regardless of the stage of the disease.
A major criticism of this interpretation is whether a 20% to 30% reduction of plasma level of zinc may be of practical significance. However, note that thymulin (kd, mol/L) is not first in the affinity scale of available zinc; being preceded by nerve growth factor (kd, lo-" mol/L) and metallothioneins (kd, lop8 mol/L), it is nearly equal to metalloproteins (kd, mol/L) and followed by many other zinc- dependent enzymes such as alkaline phosphatase (kd, m~l / L ) .~~ Note that the much lower plasma concentrations of thymulin (3 mg/dL) in respect to the concentrations of other zinc-bound proteins, even with lower kd, can further reduce zinc availability for the hormone. Zinc supplementation experiments may confirm the role played by the 20% to 30% to decrease in plasma zinc observed in ALL patients at the onset and during relapse of the disease. In other human marginal zinc deficiencies, such as in Down's syndrome and uremic conditions, both of which are characterized by a 520% reduction of plasma zinc level and low thymulin titers, zinc supplementation had a beneficial effect in recovering plasma zinc levels, thymulin titers, and some crippled immune function^.^',^^ However, it must be noted that the in vitro addition of zinc to plasma of ALL patients does not totally eliminate the presence of inhibitory substances, as inhibiting activity remains, particularly at the onset and during relapse. Such a finding is difficult to explain. The existence of low-molecular weight substances, other than zinc-unbound ITS, capable of inhibiting active thymulin, may be suggested. Some experimental findings support this, but their nature is, at present, unknown.43 Profound disturbance of the immune system is frequently found in patients suffering from neoplastic diseases, including leukemia, either at diagnosis or after treatment with radiation or chemotherapy.w8
Cell-mediated immunity, assessed by the measurement of both the absolute number of T-cell subsets and mitogen responsiveness, is impaired in leukemic patients even after therapy has been discontin~ed?~.~~ Our data are in agreement with these findings. A significant decrement both in T-cell subsets and in mitogen responsiveness was present at the onset and during relapse of the disease in our ALL patients. These parameters are normal in the off-therapy stage, but are in disagreement with other reports.6 The existence of positive correlations among PHA and ConA mitogen responsiveness and active thymulin or zinc during the various stages of the disease clearly suggest a causative relationship between derangement of peripheral immune function at the onset and relapse of the disease and thymic hormone or zinc failure.
A clinical trial with zinc in these patients at the onset and during relapse of the disease might, therefore, have a beneficial effect in order to increase the biological activity of the thymic hormones, as well as to recover the crippled immune functions, as demonstrated in other human marginal zinc deficiencie~~',~~ in some neoplastic disease^,^"^^ and in physiological all of which are characterized by reduction of zinc plasma levels and by low thymulin titers. However, the recent discovery that zinc induces mitogene~i s ,~~ raises the question of its possible effect on neoplastic
cells. An analysis of the effect of zinc on lymphoblastoid cells has shown that zinc is mitogenic only when used at pharmacologic doses, whereas at physiologic doses it has no effect on neoplastic cellular duplication. By contrast, thymulin in its zinc-bound active form (Zn-FTS), at the dose of mol/L corresponding to the physiologic amount of thymulin in the blood circulation of young healthy individuals: induced a slight but significant decrement of the duplicative index both in human lymphoblastoid cells and in some laboratory blast cell lines. The mechanism by which active thymulin affects the duplicative rate of blast cells remains unknown.
According to these last findings, the proposed clinical trial with physiologic doses of zinc, in particular at the onset and during relapse of the disease, in order to induce a complete saturation of thymic hormone and possibly an improvement of peripheral immune efficiency, may find a further rationale. 
